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Abstract

Zhou, Ruiping. M.S.E. Department of Electrical Engineering, Wright State University,
2012. Structural and Electronic Properties of Two-Dimensional Silicene, Graphene, and
Related Structures.

Traditional CMOS (complementary metal-oxide-semiconductor) transistors have already
been in the nanometer range. As bulk silicon material is approaching its physical limits, it
is highly desirable to seek novel, functional materials to continue Moore‘s law. Twodimensional(2D) materials, such as graphene and silicene, have attracted great attention
since they were envisioned a few years ago, having extraordinary electrical properties.
Research in this work was focused on understanding the structural and electronic
properties of a few atomic layers of carbon (graphene) and silicon (silicene). Atomic
structures of the 2D materials, corresponding band structures, and transport properties
were calculated based on density functional theory. Band gap was observed in AB
forwardly-stacked bilayer silicene with proper layer distance. Applying an external
electric field resulted in further opening of the band gap up to 0.19 eV. In addition,
transmission spectrum and I-V curves were calculated. A new structure of a thin silicon
layer on graphene substrate is proposed, showing different transport properties from 2D
silicene.
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Chapter 1 Introduction

1.1

Research Background

The building block of our digital world is logic gates, which are ‗0‘s and ‗1‘s. All the
logic gates are built on the basis of transistor technology. In the past several decades, the
developing of transistors follows the so-called ―Moore‘s law‖. Today, the semiconductor
industry has grown to be a billion-dollar income-per-year industry and an absolutely
necessary constituent of every person‘s life. Everything around us—computers, phones,
cars, appliances such as printers, microwave ovens, refrigerators, etc., are related to
semiconductor devices today. Smaller, faster and more powerful devices are always
being required, which is also the trend of technology development.
Bulk silicon has served the semiconductor world as the main material for the past over 40
years. In order to integrate more devices on a wafer, gate length has to be scaled down.
However, bulk silicon is approaching its physical limits as the technology is entering into
nanometer regime. One of the problems is the short channel effect, which manifests itself
in increasing leakage current and uncontrollable threshold voltage. To circumvent the
challenge, several approaches are under investigation, such as using high-k gate
dielectric, ultra-thin-body and silicon-on- insulator (SOI).

SOI technology has been

proven to enhance the performance of MOSFET, and reduce short channel effect. At the
most, the channel is formed by one-atomic layer materials. Research has been carried out
1

widely on grapheme and carbon nanotubes. Both are very prominent candidates because
of their high electron mobility. Graphene transistor has already been demonstrated to
reach as high as 300 GHz, and it is predicted to be capable to reach the THz range.
Nevertheless, the lack of a band gap impedes the applications in mainstream
semiconductor industry. At the same time, some attention has been paid to graphene‘s
counterpart—silicene, a material with similar atomic structure but formed by silicon
atoms. The structure was first named by Guzmán-Verri and Dr. Lew Yan Voon
(Guzmán-Verri & Lew Yan Voon, 2007). The major driving force behind is to look for a
band gap by engineering the atomic structure. Though the research is still at its infancy,
silicene has already shown great potential in electronic devices.

1.2

Graphene and Its Properties

Graphene is a carbon allotrope of one layer of sp2-bonded carbon atoms, as shown in
Fig.1.1. It may sound hard to understand, presented this way. But in fact that graphite,
which we can easily find everywhere, like pencil ‗lead‘, is made up of millions of layers
of graphene stacked on top of each other. Different from diamond, graphite and graphene
are conductive. Ever since graphene‘s concept was brought out by Hanns-Peter Boehm in
1962, single- layer carbon structure existed only in theory. During several decades,
different methods had been tried, but the best result people were able to obtain was 50100 layers of carbon sheets. The groundbreaking experiment was performed by Andre
Geim and Kostya Novoselov at University of Machester in 2004 (K. S. Novoselov,
2004). They managed to extract one layer graphene from bulk graphite by mechanical
exfoliation, namely, the famous Scotch tape technique. By folding and peeling tape with

2

graphite repeatedly, monolayers of graphene was obtained (Fig.1.2). This led to the first
observation of graphene properties. Until now, the Scotch tape method is still the most
effective and popular method for researchers to make graphene. Many awards were given
to these two professors, including the Nobel Prize in Physics in 2010.

Figure 1.1, A simulated infinite sheet of graphene (Graphene).

Figure 1.2, AFM image of a graphene flake. Scale=1

(Novoselov, et al., 2005)

In the chicken-wire pattern of graphene, the C-C bond length is about 1.42 Å. This
atomic scale structure was widely studied using Raman spectroscopy, scanning tunneling
microscopy (STM), transmission electron microscopy (TEM), and atomic force
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microscopy (AFM). Several studies have shown a ‗rippling‘ on the surface, which was
largely assumed to occur due to the instability of the two-dimensional crystal (A.K.Geim,
2007).
One of the most special properties of graphene is its Dirac cone, as shown in Fig.1.3.
Intrinsic graphene is a semi- metal material with a zero gap. The electrons and holes at the
K point in momentum space have zero effective mass, behaving like relativistic particles
described by the Dirac equation for spin ½ particles (W.Semenoff, 1984). Therefore, the
electrons and holes are called Dirac fermions. And this shape is called Dirac cone. Due to
this phenomenon, graphene has a high Fermi velocity, which is about

.

Experimental results show graphene have extraordinary high carrier mobility and low
resistivity, all of which are prospective property for a transistor material (Novoselov, et
al., 2005).

Figure 1.3, Graphene‘s band dispersion and low energy Dirac cone (Castro Neto, Guinea,
Peres, Novoselov, & Geim, 2009).
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In 2011, IBM successfully demonstrated a 300 GHz graphene transistor. However, due to
the lack of band gap, researchers had been soon found graphene cannot replace silicon to
be the ‗next generation‘ material. Many scientists are coming to look for other
alternatives that have similar properties but can avoid graphene‘s shortcomings. One of
the candidates is silicene, which is one atomic layer of silicon.

1.3

Silicene and Its Properties

1.3.1 Si and Ge Aromatic Stage
Silicene, which is a graphene- like silicon allotrope, has been studied theoretically for a
long time. In 1994, K.Takeda et al., studied 2D structures of silicon (Si) and germanium
(Ge) analogs of graphite, which they named Si 2D aromatic stage (Takeda & Shiraishi,
1994). They found that though carbon( C ) atom prefers to form a flat aromatic stage, Si
and Ge, which are group IV element with C, tend to form the corrugated aromatic stage.
By using first principles local-density functional calculation method, the lattice constant
of Si 2D aromatic stage was found to be 3.855 Å, with a bond length 2.247 Å, while was
different from a flat stage bond length of 2.226 Å. They thought this property may be due
to C having the shortest interatomic distance among the group IV elements. Due to this
phenomenon, they suggested further studies on the larger finite systems, e.g. naphthalene
(Fig. 1.4), should be carried out.

5

Figure 1.4, Naphthalene,

, a fused pair of benzene rings.

In 2009, a group from Turkey did further first-principles calculations of Si and Ge
structures (Cahangirov, Topsakal, Akturk, Sahin, & Ciraci, 2009). They found both Si
and Ge have low-buckled and high-buckled honeycomb structures. Because of the highbuckled structure, whose buckling distance is about 2 Å, the Si and Ge have a tendency
towards clustering. Therefore, only the low-buckled structures (Si around 0.44 Å of
buckling) can be a stable honeycomb structure.

1.3.2 The Rise of Silicene
After the discovery of graphene in 2004, this Si counterpart has been given more
attention, with the advantage that it is compatible with semiconductor industry. The name
Silicene was first given by Gian and Dr Lok, Lew Yan Voon from Wright State
University Physics Department (Guzmán-Verri & Lew Yan Voon, 2007). Dr. Lew Yan
Voon with his student Gian G.Guzman-Verri together developed a unifying tight-binding
Hamiltonian theory that can be applied to silicene, Si(111) and Si nanotubes. They found
the Dirac cone at the K point. However, in their calculation they found Silicene to have
Fermi velocity of

which is one order smaller than the one in graphene (
6

).

The Turkey group, based on the first-principles place-wave calculations within local
density approximation(LDA), calculated the Fermi velocity of Silicene to be around
(Cahangirov, Topsakal, Akturk, Sahin, & Ciraci, 2009). The Fermi velocity
calculation result is known to be very sensitive on which method is chosen for the
calculation. Though silicene does not have any band gap, a gap will open under an
external electric field and will change linearly with the applied vertical field (Ni, et al.,
2011).
However, the above are only theories. Unlike graphene sheets, silicene sheets do not exist
in nature. The first group of researchers to successfully see a possible formation of
Silicene was from France and the University of Central Florida (Aufray, et al., 2010). In
early 2010 self-aligned ―arch-shaped‖ silicon nanoribbons were clearly observed by
Scanning Tunneling Microscopy (STM) on Ag(110) with honeycomb, graphene- like
structure, as shown in Fig.1.5. By Density Functional Theory (DFT) calculation, they
found Si atoms relax to form a honeycomb structure on top of silver substrate with an
asymmetric corrugation of about 0.2 nm, which are perfectly in accordance with their
STM observation.

Figure 1.5, STM image of silicon nanoribbon grown on Ag(110), (a) Large View;
(b)Higher resolution image shows honeycomb arrangement (Aufray, et al., 2010).
7

Later in that year, the same group found more evidence of silicene nanoribbon on Ag(110)
(Padova, et al., 2010). They were able to investigate by angle-resolved photoemission,
which is a technology called angle-resolved photoelectron spectroscopy (ARPES). The
silicon band dispersion along the direction of the nanoribbons also shows a behavior
similar to the Dirac cones of graphene. At the end of the same year, they claimed to
successfully grow silicene sheet, as shown on Fig. 1.6, on Ag(111), which has been
achieved by direct condensation of a silicon atomic flux onto the single-crystal substrate
in ultrahigh vacuum conditions (Lalmi, et al., 2010). They observed the buckling distance
to be 0.2 Å, a little smaller than most theoretical calculations.

Figure 1.6, (a) Large scale, filled-state STM image of Silicene sheet grown on Ag(111);
(b) 3D STM image (Lalmi, et al., 2010).

Apart from growing silicene on top of silver, recently a Japanese group successfully grew
silicene honeycomb layer on (0001)-oriented thin films of zirconium diboride (ZrB2), on

8

which the silicene band structure was observed a direct band gap opening induced by a
particular substrate strain (Fleurence, Friedlein, Ozaki, Kawai, Wang, & YamadaTakumura, 2012).

1.4

Computational Methods

Density functional theory (DFT) is one of the most popular and versatile quantum
mechanical modeling methods to determine the electronic structure of many-body
systems. The name comes from the fact that it uses the functionals of the electron density.
DFT has been a popular solid-state physics calculation method since the 1970s. However,
because of the approximations used in the theory for exchange and correlation
interactions, it was not considered accurate eno ugh, until the 1990s, when better model
for the approximations were developed (Density_functional_theory).

Overview of DFT Calculations
In many-body electronic structure calculations, an electronic state is usually described by
a wavefunction Ψ that satisfies the many-electron time- independent Schrӧdinger equation,
provided the Born-Oppenheimer approximation is used to separate at the ionic
coordinates. The Schrӧdinger equation can be expressed as:

Where Ĥ is the Hamiltonian, E is the total energy, which contains T, the kinetic energy;
V, the local, one-particle potential energy from the external field; U, the electron-electron
interaction energy (Density_functional_theory).
9

This many-particle equation cannot be converted into simpler single-particle equations
because of the interaction term U. Therefore, it is very hard to solve this equation. The
solving methods very likely consume a huge load of computational effort. Here is where
DFT comes to save us. DFT is able to systematically map the many-body problem, with
U, onto a single-body problem without U (Density_functional_theory).
The basic grounding of DFT is two Hohenberg-Kohn theorems. The first one describes
that a many-electron system can be uniquely defined by an electron density n( ), which
means a many-electron wavefunction Ψ, is a unique functional of n( ). The second one
says the correct ground state electron density minimizes the system‘s energy functional
(Density_functional_theory).
Using Kohn-Sham approach, which is the essential part of DFT, the interacting electrons
in a static external potential was reduced to non- interacting, fictitious particles moving in
an effective potential,

, which can be expressed as:
, with

is the external potential,

is the Hartree (or Coulomb) potential, and

is the exchange-correlation potential. The last term contains all the complexities of the
many-electron system, and it is the only unknown functional in the Kohn-Sham approach,
which needs to be approximated (Kohn-Sham_equations).
A widely- used approximation method for the exchange-correlation is called local density
approximation (LDA), whose functional depends only on the electron density. The
functional can be written as:

10

And we have the relation:

In

this

above

equation,

is

the

exchange-correlation

energy

density

(Density_functional_theory).
The fact that the approximation method works is largely because that the exchangecorrelation energy only takes as low as 3% of the total energy (Aulbur). However, in
calculating semiconductor‘s band gap using DFT-LDA method, a discrepancy of about
30% to 50% is generally to be expected.
Another approximation is called generalized gradient approximation (GGA), which
accounts in the gradient of the density. The functional can be written as following
equation:

As LDA, GGA will easily result in a band gap calculation discrepancy of about 40% to
50%. Nevertheless, they both give much more accurate ground-state properties, such as
the structural properties, where typically the result is within 1% to 3%.

In our calculation, LDA and GGA gave different values, but usually within 5%. In order
to make the calculation results comparable, we use LDA as exchange-correlation in all
our calculations. The detailed software introduction is attached as Appe ndix at the end of
this article.
11

1.5

Scope of Research

In this work, both single layer and bi- layer graphene and silicene were studied. We
examined the structural position, band structure and transport properties. A tunable band
gap of bi- layer graphene and single layer silicene with the external electrical field was
observed. A band gap opening was found by AB forwardly-stacked bi- layer silicene.
With an external field, this band gap can increase up to 0.19 eV.
Further, we studied silicon on graphene substrate structure. Similar band structure was
found compared to the original group who proposed this structure. We then proposed a
different silicon structure that could be formed on graphene substrate. And in the end, we
examined a three layer silicon structure on graphene substrate.

12

Chapter 2. Atomic Structural and Electronic Properties
Analysis of A Few Layers of Carbon and Silicon

2.1 Introduction
As described in Chapter 1, numerous researches have been done about graphene, while
there are relatively few researches on silicene. Both single and bi- layer graphene have
been proved to be semimetals without band gap. Band gap opening has been only
observed in bi- layer graphene applying external electrical field. Single layer graphene is a
semimetal and is not tunable on band gap with external field, however bilayer graphe ne
does have a tunable band gap (Castro, et al., 2007). Few works have addressed the
structural and electronic properties of single and bi- layer silicene, especially under an Efield. In this chapter, a number of different structures have been examined. The
researches were focused on structural related transport properties, which has rarely been
carried out before.

Fundamentals of Crystal Structures


Primitive Unit Cell: the smallest iterative structure.



Super Cell: a repeating of unit cell.

13



Bravais Lattice: the infinite periodic geometry in a crystal. There are 7 lattice
system and 14 possible Bravais lattice in 3 dimension. The 7 lattice systems
include triclinic, monoclinic, orthorhombic, tetragonal, rhombohedral, hexagonal
and cubic. In our calculation, only three lattice systems were used: triclinic,
orthorhombic, and hexagonal.



Brillouin Zone: In solid state physics, the first Brillouin zone is uniquely defined
primitive cell in reciprocal space. In hexagonal Brillouin zone, there are three
high symmetry points that we pay much attention to, namely K, Γ,M, as shown in
Fig.2.1.

Figure 2.1, High symmetry points in hexagonal brillouin zone.

Basic Parameters Used In The Calculations


K-point sampling: also called Monkhorst Pack Grid, described how many points
used in the performing integrals over the Brillouin Zone. Usually the more points
used, the more accurate results will the calculation get. However, more points
will take more time for the calculation. Here K-point sampling has three

14

directions: a, b, c. For example, if we gave 5 sampling points on a direction, 5
sampling points on b direction and 1 sampling point on c direction, the K-point
sampling can be expressed as 5x5x1.


Relaxing: the process for the atoms to move to the location where give the lowest
total energy. As nature favors atomic structures that give the lowest total energy,
each assumed structure need to be relaxed to the favorable position.



Force Tolerance: The parameter used in relaxing to find the lowest energy.
Because force is derivative of energy to distance. When force comes to very
small, the energy reached its maximum or minimum point. In our calculations,
the force tolerance is always set to be 0.05 eV/ Å, as the default, sometimes, to
get more accuracy, 0.0001 eV/ Å.



Stress Tolerance: To relax on the lattice, the structure stress is a measurement for
the cut-off line. It is generally a small number as force tolerance. The changes of
lattice will stop once the stress drops below that number. If both force tolerance
and stress tolerance is considered, the changes of the structure will stop, once
both figures drop below each one‘s tolerance. In most cases, we use 0.05 eV/



.

Poisson Solver: In the DFT calculation, a Poisson equation needs to be solved,
and different solving methods are available to choose: Multi- grid, FFT, and FFT2D. Here Multi- grid are usually used in device calculation, and FFT, FFT-2D are
usually used in infinite, periodic structures‘ calculation.



Boundary Condition: In solving the Poisson equation, different boundary
condition can be chosen: Periodic, Neumann, Dirichlet, Multipole. Usually
Periodic can fit most calculations.

15



Spin-orbit Coupling: In our calculations, no spin-orbit coupling was considered.

2.2 Single Layer Structure
Both graphene and silicene have honeycomb structure. To make this structure, as shown
in Fig. 2.2, for a two dimensional plane, two atoms, A and B, as indica ted by the blue
arrows, and the rhombus unit cell was needed. For a three dimensional system, like what
we are going to calculate, a vertical axis z need to be added. And the unit cell will have a,
b, and c as its vectors (Fig.2.3). The vector c decides the crystal spacing between two
layers. In our calculation, c should be properly chosen to avoid interlayer coupling. When
a buckling is formed, it means A and B atoms are not on the same z- plane.

Figure 2.2, Periodic hexagonal system. A and B atoms, axes x, y, z, and the rhombus unit
cell are shown in the picture.

16

Figure 2.3, hexagonal unit cell in three dimensions, a, b, c are shown as primitive vectors.

2.2.1

Single Layer Graphene

The unit cell of single layer graphene is formed by setting the lattice constant to be
2.4612 Å, and the C-C distance 1.42 Å (Saito, Dresselhaus, & Dresselhaus, 1998). In
Fig.2.4 (a), one atom is placed at (0, 0) position, and the other one at (1.2306, 0.710501)
Å. A repeated 10 by 10 structure is shown in Fig 2.4 (b). The c constant, which is the
lattice spacing along c axis, is set to 15 Å, much larger than the lattice constant and C-C
bond length, to weaken the interlayer coupling effect.
Density Functional Theory (DFT) with LDA Exchange correlation was used in the
following calculation. FFT with Periodic Boundary Conditions were used in solving
Possion equations for all directions. The K-point Sampling, force and stress tolerances
were set to 21x21x1, 0.0001 eV/ Å, and 0.05 eV/

, respectively. Room temperature is

used in all of the calculations. Mesh cut-off is set to 75 Hartree for most of the
calculations. Three initial structures with different buckling distances 0 Å, 0.3 Å and 0.6
Å were examined. It turned out that the optimized structure shows a planar graphene
structure without buckling, independent on the initial structure. The band structure of
graphene is shown in Fig 2.5.
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(a)

(b)

Figure 2.4, (a) Two-atoms Unit Cell; (b) After repeating 10x10 times on X and Y axes.

(a)

(b)

Figure 2.5, (a) Graphene band structure of our calculation; (b) Graphene band
structure of other group‘s result .

The calculated band structure is shown in Fig. 2.5(a). The result was verified by
comparing to Fig. 2.5(b) (Rignanese & Charlier). In addition, there is a 0.2 meV band gap
observed at the K-point, which is due to the uncertainty in the numerical calculation. In
our calculations, the uncertainty related to the material property, boundary model, and the
method used in Poisson Solver (e.g. FFT, multi- grid, FFT-2D, etc.).
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Later on, we calculated graphene‘s transmission spectrum and I-V Curve, as shown in
Fig. 2.6 and Fig. 2.7. The I-V curve is the integration of transmission spectrum. From the
plots, we can see that the transmission spectrum linearly approaches to 0, when the
energy goes down. The integration of a linear line should be parabolic, which is in
accordance with our results in the I-V curve.

Figure 2.6, Transmission spectrum of graphene.

Figure 2.7, I-V curve of graphene.
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To examine the dependence of band gap on the applied external
field, we performed the band diagram calculations by adding a
dual gate on both side (Fig. 2.8). By our calculation results, no
band gap was opened by external electrical field. The result is in
good agreement with other published works (Castro Neto, Guinea,
Peres, Novoselov, & Geim, 2009). This property seems much due
to the flat structure of graphene.

Figure2.8, Graphene
with dual gates.

2.2.2 Single Layer Silicene
We calculate single layer silicene with similar procedure as graphene. First we optimize
the structure using 2-atoms unit cell and then calculate the band structure. The lattice
constant is set to 3.866 Å, which is 1.57 times of graphene. The Si-Si distance is 2.232 Å,
with one atom at (0,0), and the other one at (1.933,1.116) Å in the x- y axis plane, as
shown in Fig.2.9(a). The 10 by 10 supercell is shown in Fig. 2.9(b). In the calculations,
we used DFT as calculator, GGA as exchange correlation, 21x21x1 K-point, force
tolerance 0.0001 eV/ Å, and stress tolerance 0.05 eV/

. FFT with periodic boundary

along all axes was used in Poisson Solver. Three structures with different buckling
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distance: 0 Å, 0.3 Å and 0.6 Å were used to serve as initial structures. The results showed
a buckling distance of 0.496 Å, as shown in Fig. 2.10. In literature, a number of buckling
distances have been reported based on various modeling tools and methods (Drummond,
Zolyomi, & Fal'ko, 2012). Other calculated buckling distances had a range from 0.42 Å
to 0.46 Å (Drummond, Zolyomi, & Fal'ko, 2012) (Cahangirov, Topsakal, Akturk, Sahin,
& Ciraci, 2009). Compared with them, our result was a bit higher.

(a)

(b)

Figure 2.9, (a) Silicene unit cell; (b) Silicene 10x10 supercell.

Figure 2.10, Optimized silicene with buckling distance D=0.496 Å.

The corresponding band structure is shown in Fig. 2.11 (a). This band structure is similar
to other results reported, as shown in Fig. 2.11 (b) (Guzmán-Verri & Lew Yan Voon,
2007). Due to the absence of band gap, single layer silicene is a semi- metal as graphene.
To examine whether the band gap can be opened by external electrical field, calculations
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were performed by adding two metallic gates at each side of silicene layer. The gated
silicene is shown in Fig. 2.12. The external field is perpendicular to the silicene sheet.
The results of band gap at K-point with differnt electrical field are shown in Fig. 2.13
(a)(b)(c). The band gap opening is linearly proportional to the applied field, as in Fig.
2.14.

(a)

(b)

Figure 2.11, (a) Silicene band structure from our calculation; (b) band structure from
Gian and Dr. Lew Yan Voon (Guzmán-Verri & Lew Yan Voon, 2007).

Figure 2.12, Silicene with dual gates.
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(a)

(b)

(c)

Figure 2.13, Band diagram of single layer silicene with gate voltage (a) 0V; (b) 15 V; (c)
25 V.
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Figure 2.14, Band gap opening vs. applied vertical electric field.
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1.8

Comparing to the results from Ni, etc. (Ni, et al., 2011), and Drummond, etc. (Drummond,
Zolyomi, & Fal'ko, 2012), as shown in Fig. 2.15 and Fig. 2.16, our results showed a
slightly smaller slope than Ni‘s, but a larger slope than Drummond‘s.

Figure 2.15, Band gap opening vs. electrical field (Ni, et al., 2011).

Figure 2.16, Band gap opening vs. electrical field (Drummond, Zolyomi, & Fal'ko, 2012).
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Transport properties, i.e. transmission spectrum(Fig.2.17 (a)(b)(c)) and I-V curves
(Fig.2.18) were recorded under different external voltages. The opening of band gap can
be tracked on the transmission spectrum. While silicene‘s I-V curve showed similar
shape as graphene – semi-parabolic. And as the external voltages increased, I-V curve
became more flat, which accorded with the widened band gap opening.

(a)

(b)

(c)

Figure 2.17, (a) Transmission Spectrum of silicene under 0V;
(b) under 15 V; (c) under 25 V.
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IV Curve of Silicene Under Different Gate Voltages
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Figure 2.18, I-V curve of Silicene under different voltages.
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2.3 Bilayer Structure
Bilayer Structure in general has two configurations: AA and AB. AA means two layers‘
atoms are completely on top of each other, while AB, also called Bernal stacking, means
two layers is crossly stacked, with half of the first layer‘s atoms on the hollow spot of the
second layer. There are three main positions on the hexagonal structures that people are
most interested in: hollow(the middle of hexagons), bridge(the middle of sides), and
top(the vertices of hexagons), as shown in Fig. 2.19.

Figure 2.19, Hexagon‘s hollow, bridge and top.

For flat structure without buckling like graphene, AA and AB described all of its types;
but for structure with buckling like silicene, there are three different stacking
configurations for both AA and AB. The first one is the two layers to buckle to the same
direction, the second is to buckle inwardly, and the third is to buckle outwardly.
However, because the inwardly buckling does not conform to close packed structure, it is
less likely to occur. In the following, we examined AB stacked bilayer graphene, and AB
stacked bi- layer silicene in three different forms.
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2.3.1 Bilayer Graphene
Bilayer Graphene unit cell is constructed by using graphite unit cell. We extend the c
constant, assuring the two layers not interfere with other periodic layers. The calculation
setup is the same with those employed in single layer graphene and silicene. In the
calculations, all the atoms are set to be able to relax along all the directions. The original
layer difference is 3.3545 Å, after the relaxing, the distance was rarely observed to have
any changes, resulting in two AB stacked flat honeyco mb sheet. The four-atom unit cell
and the repeated 10x10 super-cell can be observed in Fig. 2.20 (a)(b)(c)(d). The band
structure of bilayer graphene (AB) was calculated and shown in Fig. 2.21.

(a)

(b)

(c)

(d)

Figure 2.20, (a) Four-atom unit cell for bi- layer graphene; (b) super-cell side view;
(c)super-cell top view; (d) super-cell sheet view.
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Figure 2.21, Bilayer Graphene Band Structure

From the band structure, we can see that bilayer graphene also has a converged point at K
point with Fermi level, which means that bilayer graphene should have very similar
electronic properties as single layer graphene. From the graph, we can see that the bands
looked very similar to single layer graphene, apart from that all the bands are doubled,
which indicated that every point tended to have double folded degeneracies as the layer
was doubled. Different from single layer graphene, bilayer graphene s hows a tunable
band gap with vertical electric field (Castro, et al., 2007). In our model, we added dual
gates on both sides of bilayer graphene, as shown in Fig. 2.22, and examined the change
of the band gap with the vertical electric field. The results o f how the band gap changes
with vertical field are shown in Fig.2.23. However, the electric field applied are far more
higher than what is achievable in real life. All the values were taken under an assumed
condition.
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Figure 2.22, Bilayer graphene model with dual gates
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Figure 2.23, the band gap opening with vertical electric field on bilayer graphene.
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Different from single layer silicene, the band gap opening does not show the linear
dependence on applied electrical field, which is in accordance with previous research
works.
The transmission spectrum and I-V curve are shown in, Fig. 2.24 and Fig. 2.25
respectively. From the plots, we can see the transport properties of bilayer graphene is
close to single layer graphene, which is semi-parabolic.

Figure 2.24, Transmission Spectrum of Bilayer Graphene

Figure 2.25, I-V Curve of Bilayer Graphene
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2.3.2 Bilayer Silicene

Tetsuya Morishita and Michelle Spencer, et al. studied bilayer and multilayer silicene
(Morishita, Spencer, Russo, Snook, & Mikami, 2011) (Spencer, Morishita, & Snook,
2012). In their calculations, the silicon atoms were allowed to move randomly in three
dimensions, and the bilayer silicene structure out of their calculation was a lot deformed,
resulting in various bond lengths and bond angles distribution, as the picture shows in
Figure 2.26. However, due to the software‘s computational limitations, our calculations
are based on the structure of single layer silicene. And we also assume that the two layers
can be AA stacked or AB stacked. Therefore, the only allowed parameters to change is
the layer distance and the buckling distance of each layer. However, the reconstruction
may occur on a super cell. We tested this reconstruction by using 2by1 and 2by2 cells.
The reconstruction was not detected. In the following, only the 1by1 unit cell was
described.

(a)

(b)

Figure 2.26, the reconstructed bilayer silicene (a)Top view (b) Side View (Morishita,
Spencer, Russo, Snook, & Mikami, 2011).

32

I.

AB Forward with Atom Relaxation

The structure of bi- layer silicene is more complex. We are going to place our emphasis
on AB forwardly stack structure. For AB forwardly stacked bi- layer silicene, if relaxation
allowed, the buckling distance of the top layer is about 0.71 Å, with the second layer
about 0.78 Å (Fig. 2.27). The distance between the two layers‘ becomes 2.75 Å. However
this structure does not shows band gap. It is semi- metal, as shown in (Fig. 2.28). With an
external voltage, a band gap of 0.04 eV was obtained by applying electrical field up to
6.5 V/ Å.

Figure 2.27, Relaxed AB forwardly stacked bi- layer silicene, D1=0.71 Å, D2=0.78 Å,
D3=2.75 Å.
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Figure 2.28, Band structure of relaxed AB forwardly stacked bi- layer silicene.

II.

AB Forward Without Atom Relaxation

This time, we didn‘t apply relaxation, as structure shown in Fig. 2.29, but varied the layer
distance D from 2.5 Å to 7.0 Å within the two silicene sheets. When D was smaller than
3.7 Å, there wasn‘t band gap opening observed as shown in Fig. 2.30(a). Increasing of D
opened the band gap, making it reach a maximum of 0.078 eV at D equals to 4.0 Å.
Above the maximum, the band gap opening starts to decrease, approaching to zero at
around 7.0 Å. These kind of band gap changes can be observed from the band structures
in Fig. 2.30 (a), (b), (c), (d). The band gap opening with different D have been
systematically recorded and plotted in Fig. 2.31. Another interesting examination: when
D was smaller than 4.0 Å, the structure showed feature of indirect band gap characteristic,
while D above 4.0 Å, the structure started to show direct band gap characteristic.
When distance is small, as similar in the relaxed structure, there was no band gap. When
distance is too large, this two layers of silicene behaved like two single layers of silicene
without interaction, where the band structure also showed very similar shape as to single
layer silicene, with the except that every point is of double degeneracy. Only when
distance was at a certain range, this band gap appeared. More explanations about the
appearance of band gap and the rise and fall shape with the distance are still waiting to be
investigated and proved in a later stage of research.
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Figure 2.29, Forwardly stacked bi- layer silicene without relaxing, where each layer‘s
buckling distance is 0.5 Å.

(a)

(b)

(c)
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(d)

(e)

Figure 2.30, (a)No band gap, D=2.5 Å; (b) Indirect band gap, D=3.7 Å; (c)Indirect band
gap, D=4 Å; (d)Direct band gap, D=5 Å; (e) Direct band gap, D=6 Å.

Forwardly Stacked Bilayer Silicene: Band Gap vs Stacking Distance
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Figure 2.31, Band gap opening versus stacking distance for forwardly stacked bi- layer
silicene.
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Applying external voltage will further enlarge the band gap opening, as shown in Fig.
2.32. In the calculations, the spacing D is set to 4.0 Å. The band gap reached to 0.19 eV,
when electrical field equals to 1V/ Å. Further increase of voltage led to decline of band
gap opening and eventually the band gap diminished at electrical field 4.25 V/Å. Though
the understanding of the band gap opening with the layer spacing and applied voltage are
still under investigation, the above calculations provide an opportunity to open the band
gap by engineering the atomic structure of silicene. It is worth mentioning that band gap
opening is the paramount request for applying silicene into main stream semiconductor
industry. In addition, the band gap opening shows differently as the applied voltage
reversely biased. This is because of the lack of symmetry of bilayer silicene along the c
axis.

Band Gap Opening vs Vertical E-Field @ D=4Å
0.2
0.18

Band Gap (eV)

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

E-field (V/Å)

Figure 2.32, Band gap opening versus vertical electrical field, when D= 4 Å.
37

III.

AB Inward and Outward:

Structural and band diagrams of AB inwardly and outwardly stacked structures were
calculated and shown in Figs. 2.33 (a)(b)(c)(d). It turned out that changing the layer
distance D does not result in band gap opening.

(a)

(b)

(c)

(d)

Figure 2.33, (a)Atomic structure of AB inwardly stacked bi- layer silicene; (b) Atomic
structure of AB outwardly stacked bi- layer silicene; (c)Band structure of AB inwardly
stacked structure, with D=4 Å; (d) Band structure of AB outwardly stacked structure,
with D= 3 Å
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Chapter 3. Atomic Structural and Electronic Properties
Analysis of Silicon on Graphene Substrate

3.1 Introduction
In 2010, Yong Zhang and Raphael Tsu proposed a new s tructure: Graphene/Silicon
Superlattice (Zhang & Tsu, 2010). They proposed because Si bond length 2.35 Å is only
4.5% difference compared with graphene‘s lattice constant 2.46 Å, the Silicon atoms
grown on graphene should stay at each hollow site of graphene, and form a single silicon
layer. They calculated the distance between silicon layer and graphene layer in the
superlattice is around 3.63 Å.
Because of the mix of silicon atoms and graphene, we are interested to find out more
about this structure, hoping the formation of silicon atoms on top of graphene generate an
insulating structure. Instead of forming silicon/graphene superlattice, we performed
calculations of a few layers of silicon on graphene substrate.
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3.2 Single Layer Silicon on Graphene Substrate
Fig. 3.1 shows the structure proposed in (Zhang & Tsu, 2010). In our calculations, the
unit cell is defined as shown in Fig. 3.2 (a) with the silicon atom sitting on the hollow of
graphene hexagon. The repeated super-cell can be found in Fig. 3.2 (b). Using similar
calculation setup as for silicene, we let this structure to relax. Using either 1x1 unit cell as
shown, or using 2x2 super-cell, we found the silicon layers tend to form a flat layer with
a distance of 3.37 Å, which had a 7% difference with Yong‘s structure. It can be
explained that by that we have different crystal construction, where they have
supperlattice, and we constructed a silicon layer on graphene substrate. because The band
diagrams are calculated to be very close to Yong‘s calculation as well, as can be observed
in Fig.3.3 (a), (b), which proved the validity of the established model and our calculation
method. Moreover, the transport properties of the structure are shown in Fig. 3.4 and Fig.
3.5, showing metallic characteristic of the structure with a straight line in the I-V curve.

Figure 3.1 Silicon on graphene superlattice (Zhang & Tsu, 2010)
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(a)

(b)

Figure 3.2, (a) The unit cell of silicon on graphene. The golden atom is silicon, while the
grey atoms are carbon. (b) Repeated super-cell of silicon on graphene.

(a)
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(b)
Figure 3.3, (a) Band diagram of silicon on graphene of our calculation; (b) band diagram
of silicon on graphene from Yong‘s paper (Zhang & Tsu, 2010).

Figure 3.4, Transmisson spectrum of silicon on graphene.
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Figure 3.5, I-V curve of silicon on graphene.

There are three positions of silicon atoms sitting on graphene substrate, as stated in
Chapter 2, hollow, bridge and top. In 2010, a group from Turkey showed calculation
evidence that the silicon atom on graphene had the minimum binding energy if adsorbed
on bridge site (Aktürk, Ataca, & Ciraci, 2010). In work following, we are going to show
a different silicon structure formed on graphene substrate. This idea was coming from the
bi- layer silicon-on-graphene relaxation. In this structure, the silicon atoms does not all
stay at hollow site, but half of the atoms stay at the bridge site. This structure can be
viewed as a single layer of silicon on graphene substrate, with a zigzag shape from side
view and rectangular from top view structure. As shown in Fig. 3.6 (a), (b). The Si-Si
bond length is calculated to be 2.44 Å, which is almost the graphen lattice constant.
Moreover, this structure was calculated to be stable (low force) and had an total energy
lower than Yong‘s structure, which means this structure was very promising to be formed
onto graphene substrate. The band structure of it shows this material is a metal, as shown
in Fig. 3.7. The transmission spectrum and I-V curve was calculated as shown in Fig. 3.8
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and Fig. 3.9. The linear line observed in the I-V curve is ohmic-like, although the
calculation doesn‘t consider scattering effect as normal metallic material does.

(a)

(b)

Figure 3.6, (a) New form of silicon on graphene substrate, side view; (b)top view.

Figure 3.7, Band structure of new form of silicon on graphene
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Figure 3.8, Transmisson spectrum of this new form of silicon on graphene.

Figure 3.9, I-V curve of new form of silicon on graphene.
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3.3 Bi-layers Silicon on Graphene Substrate

To add another layer of silicon on top, as the high symmetry of graphene, we assume
another layer of hexagonal honeycomb will be formed, as shown in Fig. 3.10 (a). In this
calculation, we use 2by1 as our unit cell, which can be also formed by triclinic lattice
structure type. Four more silicon atoms were added in the unit cell. The first layer silicon
was set as the optimized position we calculated before, which is 3.37 Å apart from
graphene. The second layer of silicon was set to 3 Å apart from the first layer. After
structural optimization, the six silicon atoms were arranged into some different structure
as shown I Fig. 3.10 (b). After repeating, we observed this structure to have three layers
of stacking, Each layer have half of atoms located at the hollow site of graphene, and
another half at the bridge site. A zigzag shape was seen on the side view and a
rectangular shape on the top view, as shown in Fig. 3.11 and Fig. 3.12. The layers‘
distance is about 2.7 Å, and in each layer, the Si-Si bond length is about 2.44 Å. The
band structure calculation shows the structure is metallic, in Fig. 3.13. Both the
transmission spectrum and I-V curve also shows it has a metallic resistivity characteristic
(Fig. 3.14 and Fig. 3.15).
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(a)

(b)

Figure 3.10, (a) Assumed Bi- layer silicon structure; (b) relaxing result in the unit cell.

Figure 3.11, Zigzag view.
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Figure 3.12, Rectangular view.

Figure 3.13, Band structure of this three layer formation.
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Figure 3.14, Transmission spectrum of this three layer formation.

Figure 3.15, I-V curve of this three layer formation.
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Chapter 4. Summary and Future Work
Summary
In this work, both single and double layer graphene and silicene was studied, as well as
single and double layer silicon structure on graphene substrate. The contribution will go
mostly to the transport calculation of single and double layer silicene, the band gap
opening of forwardly-stacked double layer silicene, where the band gap can reach as big
as 0.19 eV with an external field, and the discovery of a new formation of silicon
structure on graphene substrate.

Future work
As a band gap was observed by stacking two layers of silicene artificially, future work
will include how to induce this band gap by growing silicene on certain substrates.
Since silicene has very similar structure as Si(111), it is very possible that once stacking a
significant amount of layers of silicene in a certain way, the silicene multi- layer structure
should behave electronically close to bulk Si. It is promising to be a semiconductor
material. In future, we are thinking about to investigate on multi- layer stacking of silicene.
In bilayer structure calculation, we left off AA stacking, which exists less in nature,
compared to AB stacking. However, this structure is worthy to investigate, especially on
stacking of silicene. We are very probably to look more into these structures in next-step
research.
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Appendix A
The software package we used in all the calculations is called Atomistix Toolkit (ATK)
11.2.3 version (Atomistix ToolKit version 11.2.3), which is provided by QuantumWise
company located in Denmark. This software provide atomic-scale modeling interfaces to
build up structures and set up calculation parameters. ATK is the only DFT code that was
developed commercially.
All the interfaces are built by Python language, which can be extracted during steps and
got modified. Two of the quantum mechanical methods were installed: DFT (Brandyge,
Mozos, Ordejon, Taylor, & Stokbro, 2001) and semi-empirical extended Hückel.
SIESTA code (Soler, et al., 2002) is used for basis sets. Self-consistent ab initio
technique (Taylor, Guo, & Wang, 2001) is used for modeling quantum transport property.
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